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Index of Shear Wave Velocity in Diluvial Gravel Samples 
Shin'ya Nishio Katsuyuki Tamaoki 
Institute of Technology, Shimizu Corporation, Japan Institute of Technology, Shimizu Corporation, Japan 
SYNOPSIS: Measurements of shear wave velocities, Vs, during triaxial compression tests were conducted on undisturbed 
samples obtained from a diluvial gravel deposit. The reconstituted gravel samples were also tested to compare the 
characteristics of shear wave velocity. The results of these measurements indicated that Vs increases at the initial stage of 
the triaxial compression tests, and decreases gradually until the failure of specimen and that the reduction in Vs was more 
noticeable for the undisturbed samples than for the reconstituted samples. The results also revealed a unique relationship 
between Vs when evaluating the effect of stress ratio and confining pressure for both undisturbed and reconstituted 
samples at failure. Index of shear wave velocity is introduced to express uniquely the change of Vs in both undisturbed 
samples and reconstituted samples during triaxial compression tests. 
INTRODUCTION 
Diluvial gravel deposits have been widely used as a stable 
load bearing layer, and many structures with various 
types of foundations have been constructed on this type 
of ground. The recent enlargement of high buildings 
which are supported directly on the ground by a spread 
foundation, however, raises the need for an evaluation of 
the deformation characteristics of these deposits. 
Design or analysis of settlement of a load bearing layer 
requires information about the deformation modulus of the 
layer. It is well known that a deformation modulus of soil 
is strongly affected by stress conditions. Accordingly, a 
clear understanding of the change of the deformation 
modulus for the design stress conditions, after ground 
excavation and/or during building; construction, is 
necessary for accurate prediction of the settlement. 
Many methods have been proposed for measuring of 
in-situ deformability of a load bearing layer. However, 
there are many problems involved with the applicability of 
the measurement methods under discussion. Tamaoki 
(1987) compared the deformation moduli obtained from a 
plate loading test, a borehole loading test and in-situ 
shear wave velocity measured by a PS logging. The 
results showed that the effect of stress relief on the 
deformation modulus still existed during the reloading 
stage, and that shear wave velocities were available for 
evaluating deformation modulus if the difference caused 
by strain level was taken into account. 
The objective of this study is to examine the stress 
dependency of the shear wave velocities which are 
measured during triaxial compression tests on the 
undisturbed samples recovered from a dil uvial gravel 
deposit. This study is expected to contribute to the 
estimation of the change in the deformation modulus of the 
diluvial gravel deposit for the design stress condition by 
the shear wave velocities. 
EXPERIMENTS 
Soils Tested 
The soils used in this study were an undisturbed gravel 
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sample obtained from a type of diluvial deposit called 
Mandano gravel, in Chiba Prefecture, Japan. Figure 1 
shows the soil profile at the sampling site. The diluvial 
gravel deposit was located 5.5m below the ground surface 
and the ground water level was found to be in this 
deposit. In-situ shear wave velocities investigated by the 
PS logging were above 300m/sec. The sampling depth was 
from 6m to 9m below the ground surface. The samples, 
300mm in diameter and 600mm in height, were obtained by 
the in-situ freezing method. In order to form a specimen 
for a large scale triaxial test, the samples were cut 
smoothly at both top and bottom to a length of 600mm, 
using a diamond-blade cutter. Then, these samples were 
transported to the laboratory, stored in a refrigerator 
and kept in a frozen condition (-20• C). Detailed sampling 
procedures are described elsewhere (Goto eta!, 1987). 
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Fig.1 Soil profile at sampling site 
The typical physical properties of the gravel samples are 
summarized in Table 1, and the grain size distribution is 
shown in Fig.2. The chief mineral present in the gravel 
composition was chert, with a content of 43 percent. The 
shape of the gravel grain was flat and rounded. The 
gravel samples used in this study were those obtained at 
sampling depths of 8-9m. 
Table 1 Physical properties of gravel samples tested 
Sampling depth 
Properties 
6- 7m 7- 8m 8- 9m 
Specific gravity 2.66 2.67 2.66 
Void ratio 0.35-0.37 0.40-0.50 0.36-0.38 
Maximum grain size (mm) 76 94 55 
Mean grain size (mm) 1.8 1.2 2.8 
Uniformity coefficient 8.6 5.7 10.3 
Finer than 74,um (%) 0.43 0.56 0.33 
Relative density (%) 80-88 56-89 87-95 
:;: 
"' ~ 7- 8m f!epth 
"" 
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Fig.2 Grain size distribution of diluvial gravel samples 
Measurement of Shear Wave Velocity 
A large scale triaxial test apparatus (dimensions of 
specimen: 300mm in diameter, 600mm in height) was 
employed in this study. The shear wave is generated by 
tapping the top cap of the specimen. Figure 3 shows the 
structure of a lateral piston designed for this operation. 
A lateral piston is set against the side wall of the triaxial 
cell, enabling the top cap to be tapped horizontally from 
outside the triaxial cell. 
Top Cap 
Specimen 
( 300mm dia. ) 
600mm high 
Fig.3 Structure of lateral piston 
The wave generated at the cap propagates downward in 
the specimen and is detected by accelerometers attached 
to the side surface of the specimen. The arrangement of 
the accelerometers is shown in Fig.4. The accelerometer 
employed is a piezoelectric type with a built-in 
pre-amplifier. The accelerometer has a sensitivity of 
10mV/G, a range of responsive frequency (3dB) of 3 to 
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12000Hz, and a resonant frequency of 25kHz. It is 14mm in 
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Fig.4 Arrangement of accelerometers 
The shear wave velocity was determined by calculations 
based on the distances between the accelerometers, and 
the time delays in the arrival of the shear waves as 
detected by the accelerometers. By this method, the 
change in shear wave velocities during isotropic 
consolidation tests and triaxial compression tests could be 
investigated. Detailed measurement methods are 
described elsewhere (Nishio and Tamaoki, 1988). 
Testing Procedures 
The frozen gravel sample was set up in the triaxial cell, 
and was allowed to thaw by circulating warm water at a 
temperature of 50• C through the cell water under a cell 
pressure of 35kPa. Subsequently, carbon dioxide was 
percolated through the specimen, and de-aired water was 
permeated into the voids at a differential head of about 
20kPa. Then, back pressure was applied and increased 
until Skempton's B-value was confirmed to be above 0.95. 
The cell pressure was increased in steps to the value 
which produces an isotropic stress condition. Triaxial 
compression tests were conducted under drained 
conditions at a constant cell pressure. The rate of axial 
strain was 0.1% per minute. 
Reconstituted samples which have the same grain size 
distribution as the undisturbed samples, were also 
tested to compare the mechanical properties. They were 
prepared by vibrating oven-dried gravel in a forming 
mold. The density of each specimen was controlled by 
varying the vibrating time. 
These test results were expressed by the following stress 
and strain parameters. The mean principal stress, p, is 
defined by ( c5 0 + 2. c5 r )/3, and the deviator stress, q, is 
given by ( c5 0 - c5 r ), where c5 0 and c5 r are the effective 
axial and radial stress, respectively. The volumetric 
Strain, V, iS defined by (Eo + 2 · E r ), Where Eo and E r are 
the axial and radial component of strain developed in the 
triaxial sample. 
RESULTS AND DISCUSSIONS 
Triaxial Compression Tests 
Figure 5 shows the change of q and v with E ~ during the 
triaxial compression tests on the undisturbed samples and 
the reconstituted samples. Remarkable differences in the 
deformation-strength characteristics of both samples can 
be seen for each stress condition. That is, the 
deformability and volume contractability of the 
reconstituted samples are more significant than those of 
the undisturbed samples at the same consolidation 
pressure. On the other hand, in the same type of sample, 
the deformability and volume contractability are more 
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Fig.6 Failure lines of undisturbed samples and 
reconstituted samples 
Failure lines obtained from triaxial compression tests for 
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the undisturbed samples and the reconstituted samples 
are shown in Fig.6. From this figure, the cohesion, c', and 
the angle of shear resistance, ¢', for both samples is 
determined as follows: 
c'=41kPa, ¢ '=43" 
c'=17kPa, ¢ '=42" 
:undisturbed sample 
:reconstituted sample 
The value of ¢' is almost the same for both samples. On 
the other hand, the cohesion is somewhat higher for the 
undisturbed samples. 
Shear Wave Velocities during Triaxial compression Tests 
Measurements of shear wave velocities, v., were 
conducted at the marked point on the curves in Fig.5 . 
Figure 7 shows the change in v and the reduction of the 
shear wave velocity, V./(V,),, during compression tests, 
where the stress ratio (q/p) is plotted on the horizontal 
axis. (V.), denotes the shear wave velocity at the start of 
the compression test. v. increase at the initial stage of 
the tests due to the increase in the confining pressure. 
During the progress of shear, however, v. decrease 
gradually until the failure of specimen. Moreover, the 
reduction of v. for the undisturbed samples is more 
significant than that for the reconstituted samples. It can 
be also seen from this figure that the properties of v and 
v. are very similar. That is, the stress ratio at which v. 
begins to decrease agrees well with the stress ratio at 
which expansive volumetricchange occurs. 
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Fig.7 Volumetric strain and shear wave velocities during 
triaxial compression tests 
























Roesler(1979) pointed out that it was not the mean 
principal stress, but the individual stress components, 
which had the major influence upon the shear wave 
velocity. His equation has the form: 
(1) 
By using stress ratio R (= cr./cr,), Eq.1 is rewritten as 
follows: 
Vs = C • F(R) • (p)m+n 
3 
(2) 
where: F(R) = (--)m+n · Rm 
2 + R 
Several more studies were conducted to evaluate the 
effect of the individual stress component on shear 
modulus. Yu and Richart (1984) reviewed the previous 
work on this subject, and presented the results of a 
series of resonant column tests. Their results indicated 
that the shear modulus depended about equally on cr • and 
cr,, and they gave almost the same values of m and n. In 
the following discussions, m=n condition was assumed 
according to their results. 
The change of V,j F(R) with p during triaxial compression 
tests is shown in Fig.8. The solid lines in this figure 
represent the following relationships determined from the 
isotropic consolidation tests on each sample: 
'U 




v. = 75 · (p) 0 · 32 : undisturbed sample 
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Fig.8 Relation between confining pressure and v.; F(R) 
during triaxial compression tests 
In the early stages of the compression test, v./ F(R) 
increases along the solid line. However, with the progress 
of the test, it decreases gradually separating from the 
solid lines, in spite of a increase in confining pressure 
throughout the test. Furthermore, at the last stage of the 
compression test, V,/ F(R) decreases to almost the same 
value in both samples. Moreover it should be noted that 
the relation between V./ F(R) and p is unique for both 
undisturbed and reconstituted samples at failure. This is 
probably because the difference in inherent fabric 
between the undisturbed and reconstituted samples 
almost disappears at failure. If the properties at failure 




where: c, = 48 
m+n = 0.29 
The broken line in Fig.B shows the above equation. In 
other words, Eq.2 is valid at failure if the change of Cis 
taken into account. 
Index of Shear Wave Velocity 
If assuming Eq.2 is also valid before failure, the reduction 
in v. can be replaced by the change of C in Eq.2. For 
expressing the change of C, index of shear wave velocity, 





where Cis the value obtained from Eq.2 corresponding to 
current shear wave velocity, and c, is the value 
determined from the isotropic consolidation test, i.e. 75 for 
undisturbed sample and 62 for reconstituted sample (see 
Eq.3 and Eq.4). The relations between (1 - Ivs) and the 
normalized stress ratio, Rn, are shown in Fig.9. Rn has 
the form: 
Rn=------- (7) 
For the stress path of cr, = const., Rn = q/qmo~· The 
normalized stress ratio is essential for effective estimation 
of the stress dependency of shear wave velocity during 
triaxial compression tests (Nishio and Tamaoki, 1990). 
Normalized Stress Ratio Rn 
Fig.9 Index of shear wave velocity 
It can been seen from Fig.9 that I v. expresses uniquely 
the change of v. during triaxial compression tests, 
independent of Pc and the types of sample. The test 
results in Fig.9 lead to the following relation: 
(8) 
Accordingly, the change of Cis determined by combining 




The relations between Rn and C/Ci obtained from the test 
results are shown in Fig.10. The solid and broken lines in 
this figure represent the relations calculated from Eq.9. 
The values of CdC, is decided to be 0.64 for reconstituted 
samples, and 0.77 for undisturbed samples. By using the 
unique relation between lv, and R n, the change of C 
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Fig.lO Relation between C/C. and normalized stress ratio 
Static Deformation Modulus 
The hyperbolic curve which is represented by the 
following equation is used to describe a stress-strain 
relationship of soil: 
y 
r = (10) 
1/Gmox + Y/Tmox 
where, r: shear stress (= q/2), y: shear strain, Gmax: 













Fig.ll Hyperbolic stress-strain curve 
't'-
The hyperbolic curves which describe the stress-strain 
relationships of the undisturbed and the reconstituted 
samples are shown in Fig.12. The test result can be 
approximated with the hyperbola represented by Eq.10. 
From Eq.10, the tangent shear modulus (G,o n) is 
determined as follows: 
dr 1 
G,o n = -- = ----------- (11) 
dy Gm ox • (1/Gm ox+Y /r m ox) 2 
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Fig.12 Hyperbolic stress-strain curves obtained from 
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Fig.13 Relation between G,n/Gmox and index of 
shear wave velocity 
Thus, the following equation is obtained: 
G,on 1 
-- = { }2 
Gmox Gmox · (1/Gmox+Y /r max) 
r 
= (1- --)2 (12) 
For the stress path of C5 r = const.' TIT m "X. is equal to 
Rn. Accordingly, Eq.12 is rewritten as follows by using 




The relationships between G'" n/Gm"x and (1 - Iv,) are 
shown in Fig.13. The test results correspond well to the 
solid line which represents Eq.13. L. can be used to 
estimate the static shear moduli in the stress-strain 
curves of the undisturbed and the reconstituted samples. 
CONCLUSIONS 
Measurements of shear wave velocities, V,, during triaxial 
compression tests were conducted on the undisturbed 
samples and the reconstituted samples obtained from a 
diluvial gravel deposit. General conclusions based on 
these measurements are: 
1) V, increases at the initial stage of the triaxial 
compression tests, and decreases gradually until the 
failure of specimen and that the reduction in V. was more 
noticeable for the undisturbed samples than for the 
reconstituted samples. 
2) A unique relationship between V, when evaluating the 
effect of stress ratio and confining pressure was revealed 
for both undisturbed and reconstituted samples at failure. 
3) Index of shear wave velocity, Iv s, is introduced to 
express uniquely the change of V, in both undisturbed 
samples and reconstituted samples during triaxial 
compression tests. 
4) The static shear moduli in the stress-strain curves of 
the undisturbed and the reconstituted samples could be 
estimated by I v,. 
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